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We compute the mixed phase of nuclear matter and 2SC matter for different temperatures and
proton fractions. After showing that the symmetry energy of the 2SC phase is, to a good approx-
imation, three times larger than the one of the normal quark phase, we discuss and compare all
the properties of the mixed phase with a 2SC component or a normal quark matter component.
In particular, the local isospin densities of the nuclear and the quark component and the stiffness
of the mixed phase are significantly different whether the 2SC phase or the normal quark phase
are considered. If a strong diquark pairing is adopted for the 2SC phase, there is a possibility to
eventually enter in the nuclear matter 2SC matter mixed phase in low energy heavy ions collisions
experiments. Possible observables able to discern between the formation of the 2SC phase or the
normal quark phase are finally discussed.
I. INTRODUCTION
The phase transition from nuclear (hadronic) matter
to quark matter at high density may depend strongly
on the isospin asymmetry of matter. While the value
of the nuclear symmetry energy is known at saturation,
its behavior at densities larger than nuclear density is
still under study both theoretically and experimentally
by means of heavy ions collisions experiments at low
energy [1, 2]. On the other hand, very little is known
about the dependence on the isospin asymmetry of the
energy of the quark phase which is believed to take place
at large density. There have been studies on the phase
transition from nuclear matter to quark matter at large
isospin densities mainly focused on the role of the nuclear
matter symmetry energy while the interactions between
quarks have been neglected or limited to the perturbative
QCD corrections [3–7]. The main result of these studies
is a steep reduction of the critical density for the phase
transition as the isospin asymmetry increases. This is
due to the large value of the symmetry energy of nuclear
matter and the small value of the symmetry energy of
quark matter which is provided only by the Fermi ki-
netic contribution (eventually corrected by the perturba-
tive QCD interactions). Moreover, it was argued in [4]
that the large difference between the symmetry energy
of the nuclear and the quark phase could induce, within
the mixed phase, the so called neutron distillation effect:
the quark component of the mixed phase is much more
isospin asymmetric with respect to the nuclear phase. In
turn, this effect could modify the particles yield ratios
and could be eventually detected in heavy ions experi-
ments at low energies as the ones planned at FAIR and
NICA.
An important effect was not considered in the above
mentioned studies: at large densities quark matter is
likely to be in a color superconducting state [8] with
superconducting gaps ranging from a few tens of MeV
up to 200 MeV if a strong diquark pairing is adopted
[9, 10]. Thus a color superconducting state could poten-
tially survive even at temperatures of the order of 50 MeV
or more and it is therefore interesting to investigate its
possible formation in low energy heavy ions experiments
[62]. Also in the case in which the temperature reached
in the collision is higher than the critical temperature for
color superconductivity interesting precursor phenomena
of the diquark formation might take place [11, 12].
Among the many possible color superconducting
phases, the 2SC phase is the relevant candidate for heavy
ions collisions, since it is likely to appear at lower densi-
ties with respect to the three flavor CFL phase and be-
cause, at low collision energy, a small amount of strange
quarks is produced. Based on general arguments, one
could expect a different value of the symmetry energy of
the 2SC phase with respect to the normal quark phase
since the Cooper pairs are in a isospin symmetric state,
i.e. the density of up and down quarks are forced to be
equal to allow the formation of the diquark condensate
[13]. On the other hand at large isospin asymmetries
the 2SC pairing pattern is broken and the normal quark
phase is obtained as shown in previous papers [14–19].
The aim of this paper is to extend previous calcula-
tions on the effect of isospin on the nuclear matter -
quark matter phase transition at high density and finite
temperature by including the non-perturbative interac-
tions between quarks responsible for the phenomenon of
color superconductivity in the 2SC phase. We also dis-
cuss under which conditions this state of matter might be
created in the laboratory and its possible observational
signatures in the framework of the search for the nuclear
matter - quark matter mixed phase in heavy ions exper-
iments [20].
The paper is organized as follows: in section II we de-
scribe the model adopted to calculate the 2SC equation
of state and we compute its symmetry energy and com-
pare it with the one of normal quark matter. In section
III we compute the critical densities for the onset of the
phase transition at different asymmetries and tempera-
tures and we explain the features of the mixed phases.
In section IV we present the phase diagrams. Further
2discussions and conclusions are given in section V.
II. QUARK MATTER AND NUCLEAR
MATTER EQUATIONS OF STATE
The region of the QCD phase diagram we want to in-
vestigate, baryon density nB from nuclear matter density,
n0 = 0.16fm
−3, to 3− 4n0 and temperature T from 0 to
∼ 100 MeV has a very rich structure: at these conditions
the chiral phase transition is believed to occur and also
a “deconfinement” phase transition, here just meant to
be a change from hadronic degrees of freedom to quarks
degrees of freedom. These two transitions are not nec-
essarily coincident, for instance it has been proven, in
the large Nc limit, the existence of a phase in which chi-
ral symmetry is restored but quarks are confined, the so
called Quarkyonic phase [21, 22]. Moreover the phase
transition could involve Normal Quark matter (NQ) or
color superconducting matter, the 2SC phase, depend-
ing on the temperature, the isospin asymmetry and the
value of the superconducting gap. Needless to say, at
these regimes QCD is strongly non-perturbative and one
has to resort to models to obtain some qualitative results.
One possible approach is to consider quark chiral models,
like the NJL or the PNJL models, and to compute the
structure of the phase diagram by means of order param-
eters as the chiral condensates, the diquark condensates
[9, 10, 23–26] and the Polyakov loop [27, 28]. One impor-
tant effect missing in these calculations is confinement.
Thus one can predict the line of the chiral phase tran-
sition (or deconfinement phase transition in the PNJL
model) in the temperature chemical potential plane but
one has no estimates for the value of the baryon density or
energy density of the onset of the phase transition which
are crucial to make comparisons with the experiments.
Another approach is to consider two models, one for
the low density low temperature hadronic phase and
one for the high density high temperature quark phase
and then to compute the binodal boundaries by using
a Maxwell or a Gibbs construction. Although this ap-
proach is certainly not satisfying because of the use of
two different Lagrangians to describe the same matter,
it has the advantages of providing some numerical esti-
mates of the critical densities and therefore we will adopt
it here. Some promising studies were already performed
trying to describe the nucleons within a NJL-type model
with quark degrees of freedom but unfortunately the
properties of nuclear matter at saturation cannot be cor-
rectly reproduced [29–31]. Recently, a new approach has
been proposed in which a unique Lagrangian is consid-
ered having both hadronic and quark degrees of freedom;
the phase transition between nuclear matter and quark
matter is regulated by the Polyakov loop [32]. While in-
teresting, this model neglects the formation of diquark
condensates.
Let us start by describing the quark model we adopt
in our work. In the same spirit of Refs. [33, 34], we start
with the thermodynamic potential of normal quark mat-
ter within the MIT bag model for two massless flavors, up
and down quarks, and we correct it with the contribution
from the quark pairing as calculated in Refs. [16, 17]:
Ω = ΩNQ +∆2SC (1)
where:
ΩNQ = −
µ4u
4pi2
−
µ4d
4pi2
−
1
2
T 2µ2u−
1
2
T 2µ2d−
7
30
pi2T 4+B (2)
µu and µd are the chemical potentials of up and down
quarks and B is the bag constant.
We treat now separately ∆2SC by using the formalism
of Ref. [16, 17] in which a NJL like model is proposed
to treat the diquark pairing. Let us start by introducing
the quark chemical potentials µi,α where i = up, down
is the flavor index and α = r, g, b is the color index for
red, green and blue quarks. The relations of chemical
equilibrium read:
µur = µug = µ+
2
3
µc +
1
3
µ8 (3)
µdr = µdg = µ−
1
3
µc +
1
3
µ8 (4)
µub = µ+
2
3
µc −
2
3
µ8 (5)
µdb = µ−
1
3
µc −
2
3
µ8 (6)
where µ, µc and µ8 are the quark chemical potential,
the charge chemical potential and the chemical poten-
tial associated with the color generator T8 of SU(3)c.
The difference between the thermodynamic potential of
quarks in the 2SC phase and of quarks in the normal
phase, in mean field approximation [16, 17], reads:
∆2SC = −2
∑
a
∫
d3p
(2pi)3
(
E2SCa + 2T ln(1 + exp(
−E2SCa
T
))
− ENQa − 2T ln(1 + exp(
−ENQa
T
))
)
+
∆2
4GD
(7)
GD is the diquark coupling, ∆ is the superconducting
gap, E2SCa are the (6 quark and 6 antiquark) quasipar-
ticles dispersion relations in the 2SC phase as calculated
in [16, 17]:
E±ub = p± µub [×1] (8)
E±db = p± µdb [×1] (9)
E±
∆±
=
√
(p± µ)2 +∆2 ± δµ [×2] (10)
the numbers in the square brackets represent the de-
generacy, µ = (µur + µdg)/2, δµ = (µdg − µur)/2 and
ENQa the free quarks (6) and antiquarks (6) dispersion
relations in the normal quark phase (obtained by setting
∆ = 0, µ8 = 0 in E
2SC
a ). Notice that here we adopt the
approximation of massless quarks and we do not take
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FIG. 1: Symmetry energy of the nuclear phase TM1 (thin
dashed lines), 2SC phase (numerical calculation, thick solid
line), 2SC phase (approximation, thick dashed line) and nor-
mal quark phase (thin solid line) as functions of the density.
The symmetry energy of the 2SC phase is roughly three times
larger than the one of the normal quark phase. The nuclear
phase has the largest value of the symmetry energy. Here, the
intermediate value of the diquark coupling has been used.
into account the effective mass of quarks because, as we
will see in the next section, the phase transition from
nuclear matter to quark matter occurs at values of the
baryon chemical potential larger then the chemical po-
tential of the restoration of chiral symmetry as obtained
in the model of [16, 17]. The integrals, as usual, are reg-
ularized by introducing a cut-off Λ. The values of ∆ and
µ8 are obtained by minimizing ∆2SC with respect to ∆
and µ8. The equation of state can then be computed as
a function of µ, µc and T [63].
Let us discuss now our choice of the parameters: as in
[16, 17] Λ = 0.6533 GeV and we consider two values of
the diquark coupling GD = 3/4GS and GD = GS , where
GS = 5.0163 GeV
−2 is the quark-antiquark pairing, with
corresponding gaps ∆ ∼ 130 MeV and ∆ ∼ 200 MeV for
symmetric matter, at zero temperature and at µ = 500
MeV. We will discuss the values of B in the next section.
Concerning the Nuclear Matter (NM) equation of
state, we adopt the widely used relativistic mean field
model with the parameterization TM1 [35]. In our cal-
culation we will not include the pion contribution to the
nuclear equation of state. The are two reasons for which
we neglect pions: their contribution to the pressure is
important for large temperatures ∼ 100 MeV and small
chemical potentials. The second point is that within the
relativistic mean field model we are using, the effective
mass of the pion as a function of the temperature and
the density cannot be computed and, by using its vac-
uum mass, it is well known that such kind of models for
nuclear matter predicts pion condensation at densities
not far from saturation. The possibility of pion conden-
sation seems, on the other hand, to be ruled out in more
sophisticated chiral models in which the effective mass of
the pion can be computed and it turns out to be large
enough to prevent the condensation [6].
We want to give now some arguments concerning the
behavior of the quark equation of state as a function of
the isospin asymmetry. First, we define the asymmetry t
for the quark phase as:
t = 3
nd − nu
nd + nu
=
nd − nu
nB
(11)
where nd and nu are the densities of down and up quarks
and nB is the baryon density. The proton fraction is
related to t by the relation Z/A = (1−t)/2. In the normal
quark phase, since interactions are neglected, only the
Fermi kinetic terms contribute to the symmetry energy
which can be easily shown to be aNQsym = µ/6 = µB/18.
In the 2SC phase, the formation of Cooper pairs forces
the densities of the paired quarks to be the same. Only
the blue up and down quarks are unpaired and therefore
can eventually have different densities. Thus, to a good
approximation, at fixed values of µ and µc the asymmetry
of the 2SC phase is 1/3 of the asymmetry of the normal
quark phase t2SC ≃ tNQ/3. The approximation consists
in neglecting the correction to the paired quark densities
given by the gap which in fact scales as (∆/µ)
2
[13]. At
fixed µ and µc the total quark densities of the 2SC phase
and the normal quark phase are quite similar. On the
other hand, at fixed density and isospin asymmetry, we
expect the mismatch between the chemical potentials of
up and down quarks to be larger in the 2SC phase than
in the normal quark phase (because only the two blue
unpaired quarks contribute to the asymmetry). We can
write the energy per baryon of the 2SC phase as:
(E/N)2SC ≃
(E/N)NQ
3
+ paired quarks contribution
(12)
the first contribution corresponds to the blue quarks and
it is ≃ 1/3 of the energy per baryon of the normal quark
phase (again, by neglecting the correction to the paired
quark densities given by the gap). The symmetry energy
turns out to be:
a2SCsym =
1
2
d2(E/N)2SC
(dt2SC)2
≃
1
2
d2(E/N)NQ/3
((dtNQ/3)2
= 3aNQsym
(13)
To check this result, we calculate numerically the sym-
metry energy of the 2SC phase by using the general def-
inition of symmetry energy:
(E/N)t = (E/N)t=0 + asymt
2 (14)
from which its value is easily obtained by computing the
equations of state of the 2SC phase for t = 0 and for
another value of t, t = 0.2 in our calculation.
In Fig. 1 we show the numerical and the approximated
results for the symmetry energy of the 2SC phase and the
symmetry energy of the normal quark phase as functions
of the baryon density. For comparison we also show the
symmetry energy of nuclear matter as obtained in the rel-
ativistic mean field model TM1 (given by the sum of the
Kinetic term and the isovector term [4]). Our approxi-
mation for the calculation of the symmetry energy of the
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FIG. 2: Density for the onset of the phase transition as a
function of the proton fraction Z/A and for two values of tem-
perature T = 0 and T = 50 MeV, the intermediate value of
the diquark pairing is adopted. The onset of the phase tran-
sition is smaller in the case of the 2SC phase (solid thin and
thick lines) with respect to the case of normal quark matter
(dashed thin and thick lines). Before the unpairing transition
at Z/A ∼ 0.35 for T = 0 and Z/A ∼ 0.42 for T = 50 MeV,
the critical density for the onset of the 2SC phase has a mild
dependence on the proton fraction while a strong dependence
is evident in the case of normal quark matter.
2SC phase works pretty well, within an error of a few per-
cent it is three times larger than the one of the normal
quark phase. The symmetry energy of nuclear matter is
of course larger than the ones of the quark phases but
at densities of the order of two times saturation density
it is actually comparable with the one of the 2SC phase.
As we will show in the next sections, the larger value of
the symmetry energy of the 2SC phase with respect to
the normal quark phase is responsible for the behavior
of the critical density of the onset of the phase transition
as a function of the asymmetry and it affects also the
properties of the mixed phase.
III. MIXED PHASES AT DIFFERENT Z/A
The mixed phase between quark matter and nuclear
matter is computed by solving the Gibbs conditions for
a multicomponent system with two globally conserved
charges [36, 37], the baryonic charge and the isospin
charge associated with the chemical potentials µB =
µn = 3µ and µI = (µp − µn)/2 = (µd − µu)/2 respec-
tively, where µn and µp are the chemical potentials of
neutrons and protons. The system can analogously be de-
scribed by imposing the global conservation of the bary-
onic charge and the electric charge, the electric charge
chemical potential being µc = µI/2. We prefer to work
by using the second description therefore we will use the
electric charge ratio or proton fraction Z/A, and the elec-
tric charge chemical potential as the second conserved
quantity in addition to the baryonic charge. The Gibbs
conditions read:
PNM (µB, µc, T ) = P
2SC(µB , µc, T ) (15)
Z/AnB = (1 − χ)n
NM
c + χn
2SC
c (16)
where PNM , P 2SC are the pressures of the nuclear and
the quark phase, nNMc , n
2SC
c are the charge densities of
the nuclear and the quark phase, χ is the volume fraction
of the quark phase and nB = (1−χ)n
NM
B +χn
2SC
B is the
baryon density.
As a first step, we compute the value of the critical
density for the onset of the nuclear matter - 2SC mixed
phase at fixed temperature and by varying the proton
fraction. Concerning the choice of the bag parameter,
we select two values B1/4 = 165 MeV and B1/4 = 190
MeV which together with the choice of intermediate and
strong diquark pairing, GD = 3/4GS and GD = GS , al-
low to obtain the onset of the mixed phase a T = 0 and
for symmetric matter at densities larger than ∼ 3n0, in
agreement, as argued in [38], with the constraint put by
the SIS data. Results are shown in Figs 2 and 3, where
also the case of normal quark matter is shown for compar-
ison. At zero temperature and for symmetric matter, the
onset of the mixed phase is strongly reduced in the 2SC
phase with respect to the normal phase: this is clearly
due to the softer 2SC equation of state in which the for-
mation of Cooper pairs allows the system to lower its
energy with respect to the case of a system of unpaired
quarks. As the proton fraction decreases, or the asym-
metry increases, a steep reduction of the critical den-
sity is obtained for normal quark matter as noticed in
Refs.[3, 4, 7] due to the strong stiffening of the nuclear
equation of state. This effect is due to the large value of
the nuclear symmetry energy. On the other hand, as the
proton fraction is reduced, the normal quark equation of
state has a mild dependence on the asymmetry due to
the small value of its symmetry energy. In the case of
2SC phase instead, the critical density stays almost con-
stant as the proton fraction is reduced, because of the
larger value of the symmetry energy of the 2SC phase:
both the nuclear and the 2SC equations of state become
substantially stiffer when the proton fraction is reduced
and therefore the critical density is almost independent
of the proton fraction. As the proton fraction is further
decreased, at some point the stress caused on the up and
down quark’s Fermi surfaces becomes too large, the 2SC
pairing is broken and only the normal quark phase can be
formed in the phase transition. Notice the effect of the
different values of the diquark pairing we are adopting:
while in Fig. 2, for intermediate pairing, the unpairing
transition is obtained for Z/A ∼ 0.35 at zero tempera-
ture, for the strong pairing case, Fig. 3, this occurs at
Z/A ∼ 0.25. For extremely low values of Z/A, as the
ones reached in neutron star matter, by computing the
mixed phase of nuclear matter and color superconduct-
ing matter, an interesting effect was obtained in Ref. [39]:
the conditions of beta stability and charge neutrality ren-
der the effective mass of up quarks larger than the one
of down quarks and one obtains first a mixed phase be-
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FIG. 3: Density for the onset of the phase transition as a
function of the proton fraction Z/A and for two values of
temperature T = 0 and T = 50 MeV, the strong diquark
pairing is adopted (the lines denote the same as in Fig.1).
Due to the the large value of the gap, the unpairing transition
occurs at Z/A ∼ 0.25 for T = 0 and Z/A ∼ 0.3 for T = 50
MeV.
tween nuclear matter and down quarks and only at larger
densities also the up quarks are deconfined. We do not
consider here this possibility.
Finally, the dependence on the temperature is also in-
teresting: at finite temperature, T = 50 MeV in Fig. 2
and 3, the value of the superconducting gap is smaller
and therefore the values of the critical densities for the
2SC case are closer to the ones of normal quark matter
and the unpairing transition occurs at larger values of
the proton fraction. This effect is evident in Fig. 2, for
intermediate diquark pairing, but is not so pronounced
in Fig. 3 where the strong diquark pairing is considered
and the critical temperature is higher than 50 MeV.
Let us have a closer look now into the mixed phase
itself. Notice that for symmetric matter, the system is
actually a one component system and therefore the Gibbs
construction coincides with the Maxwell construction.
Thus, within the mixed phase the pressure is constant
and the two phases are both symmetric. The situation is
different for asymmetric matter: as a result of the Gibbs
conditions the two phases in the mixed phase have dif-
ferent isospin asymmetries, the nuclear phase being the
most symmetric, and the pressure increases with the den-
sity. In Fig. 4, we show the local isospin asymmetry t of
the nuclear phase and the normal quark and 2SC phase
within the mixed phase as functions of the volume frac-
tion χ. Parameters are: B1/4 = 190 MeV, T = 50 MeV,
Z/A = 0.4, which implies t = 0.2, and for the 2SC phase
we consider the case of strong coupling. An interesting
qualitative difference is evident whether the quark com-
ponent is in the unpaired quark state or in the 2SC state.
In the case of normal quark matter, due to its low value
of the symmetry energy, close to the onset of the mixed
phase the quark component is very asymmetric, t ∼ 1.
Notice that an asymmetry larger than 1, which would
imply a negative value for Z/A, is possible in pure quark
matter by considering the fact that the density of pro-
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FIG. 4: Local isospin asymmetries of the nuclear and quark
components of the mixed phase. In the case of normal quark
matter, close to the onset of the mixed phase, the isospin
asymmetry is distillated into the quark component for which
t ∼ 1. In the 2SC case, due to its large symmetry energy,
no strong asymmetries are reached. The neutron distillation
effect is suppressed.
tons in quark matter is given by np = (2nu − nd)/3 as
can be easily verified. On the other hand, the nuclear
component, which at the onset of the mixed phase has
asymmetry t ∼ 0.2, becomes more and more symmetric
as χ increases. This is the so called neutron distillation
effect [4, 7]: there is an excess of isospin density in the
quark drops with respect to the nuclear phase which, due
to its high value of the symmetry energy, lowers its energy
approaching the symmetric state. As the volume fraction
increases, the asymmetry of the quark phase rapidly de-
creases and reaches the value t ∼ 0.2 at χ = 1 as it must
be. Notice that at χ = 1, the end of the mixed phase,
the asymmetry of the nuclear phase is almost zero.
The situation is different in the case of the 2SC phase.
Let us consider first the onset of the mixed phase: the
asymmetry in the chemical potentials of the nuclear
phase affects only the unpaired blue quarks: due to the
pairing, the other quarks do not contribute to the asym-
metry. This explains why close to the onset of the mixed
phase the 2SC phase is actually much less asymmetric
than the normal quark phase. As χ increases, slowly the
2SC phase reduces its asymmetry until the value t = 0.2
is reached at the end of the mixed phase; at the same time
the nuclear phase reduces its asymmetry and reaches, at
χ = 1, a value t ∼ 0.1, thus larger with respect to the
case of normal quark matter. This is again explained
by considering that for a fixed value of t in quark mat-
ter, the mismatch of chemical potentials of up and down
quarks is larger in the 2SC phase than the normal quark
phase, therefore at the end of the mixed phase this pro-
duces a larger asymmetry of the nuclear phase when the
2SC phase is considered. In conclusion, the isospin dis-
tillation effect in presence of the 2SC phase is strongly
reduced with respect to the case of normal quark mat-
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FIG. 5: Equations of state, pressure as a function of the den-
sity, for nuclear matter TM1, normal quark matter and 2SC
phase. The dots indicate the onset and the end of the mixed
phases. The softening of the equation of state due to the for-
mation of 2SC matter is more pronounced then the one of the
normal quark phase.
ter. We will discuss in the last section possible effects for
heavy ion collisions experiments.
In Fig. 5, we show a comparison between the equa-
tions of state when the normal quark phase or the 2SC
phase are considered, for the same choice of parameters.
As already noticed, the onset of the mixed phase occurs
at lower densities when the 2SC phase is considered be-
cause it is softer than the normal quark phase. One can
notice that the extension of the NM-2SC mixed phase is
reduced with respect to the case of the NM-NQ mixed
phase. At the same time the variation of the pressure
in the NM-2SC mixed phase is much smaller than the
one in the NM-NQ mixed phase. Indeed the Gibbs con-
struction in the case of the 2SC phase provides a result
which is quite similar to the simpler Maxwell construc-
tion. Again, this is clear if we consider that the 2SC
phase has a larger symmetry energy with respect to the
normal quark phase and therefore the two components
of the mixed phase both prefer to be in a state as more
symmetric as possible (similarly in neutron star matter
a phase transition from nuclear matter to the CFL phase
is treated with a Maxwell construction since the pairing
in the CFL phase already enforces its charge neutrality
[40]). In conclusion, the NM-2SC mixed phase is more
compressible than the NM-NQ mixed phase and, as we
will discuss in the last section, this might also be impor-
tant in heavy ions collisions experiments.
IV. PHASE DIAGRAMS
In the last section we have shown how, as the proton
fraction decreases, one goes from the phase transition
to the 2SC phase to the phase transition to the normal
quark phase due to the breaking of the pairing pattern.
We show in this section the effect of the temperature: in
general a second order phase transition is obtained from
the 2SC to the normal phase as the temperature increases
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FIG. 6: Phase diagram for symmetric matter in the tempera-
ture chemical potential plane. Solid lines indicate first order
phase transitions, the dashed line corresponds to the second
order phase transition between the 2SC phase and normal
quark matter.
and at fixed chemical potential, with critical tempera-
ture Tcrit = 0.57∆0, where ∆0 is the gap as obtained
at zero temperature. Let us consider now the phase di-
agrams at fixed values of Z/A. In Fig. 6, we show the
phase diagram in the temperature baryon chemical po-
tential plane, for strong coupling and symmetric matter.
A first order phase transition line separates nuclear mat-
ter from quark matter both in the normal state and the
2SC state. A second order phase transition line separates
the normal quark phase from the 2SC phase. The two
lines intersect in a point at T ∼ 95 MeV and µB ∼ 1000
MeV, thus potentially interesting for heavy ions collision
experiments as we will discuss in the following [64]. In-
terestingly, the overall structure of the phase diagram
is reminiscent of the phase diagram of 4He for which at
small temperatures a first order phase transition line sep-
arates the solid phase and the two liquid phases HeI and
HeII. The two liquid phase are among them separated by
a second order phase transition line, the so called λ-line
[41].
Let us look now at the phase diagrams in the temper-
ature density plane. In Fig. 7, we show the case of sym-
metric matter and strong diquark coupling. Notice that
the phase diagram is divided in five regions: depending
on the density and temperature, three pure phases and
two mixed phases can be formed, separated by first order
transition lines (thick dashed and solid lines) and sec-
ond order transition lines (thin solid). To make contact
with heavy ions physics, where nuclei with Z/A ∼ 0.4
are used, we compute the phase diagram for asymmet-
ric matter. We want to discuss our phase diagram, in
comparison with the results obtained in Ref. [4]. In that
paper a transport model is used to investigate the condi-
tions reached in semi-central heavy ion collisions of 238U
(Z/A = 0.387) nuclei at 1 A GeV. Interestingly, it was
found that rather exotic nuclear matter is formed in a
transient time of 10 fm/c having densities around 3n0,
T ∼ 50 − 60 MeV and Z/A ∼ 0.35 − 0.4. In Fig.8 we
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FIG. 7: Phase diagram for symmetric matter in the tempera-
ture density plane. Solid thick lines indicate the onset of the
mixed phase ncrit1, dashed thick lines correspond to the end
of the mixed phase ncrit2. The solid thin line is a second or-
der phase transition between the 2SC phase and normal quark
matter.
show the phase diagram for Z/A = 0.35 in the case of
strong diquark pairing. As before, three pure phases and
two mixed phases are obtained separated by first order
and second order transition lines. Notice that within
the NM-2SC mixed phase, the line of second order phase
transition to the NM-NQ mixed phase is not constant
anymore because for asymmetric matter the chemical po-
tential varies in the mixed phase and therefore also the
superconducting gap. As we explained before, in the case
of asymmetric matter the onset of the phase transition
occurs at lower densities with respect to the case of sym-
metric matter and the window of mixed phase is larger.
Finally, the two arrows in Fig. 8 indicate the region of
the phase diagram which can be reached in experiments
as proposed in Ref. [4]. Clearly, under the assumption of
strong diquark pairing, which implies a critical temper-
ature for color superconductivity of ∼ 80 − 100 MeV, it
would be possible to reach the NM-2SC mixed phase in
heavy ions collisions.
V. DISCUSSION AND CONCLUSIONS
We have computed the mixed phase of nuclear matter
and 2SC phase under different conditions of temperature
and isospin asymmetry (or proton fraction). First, we
have provided a clear argument by which the symmetry
energy of the 2SC phase is, to a good approximation,
three times larger than the one of normal quark matter:
due to the Cooper pairing of red and green quarks, only
the blue unpaired up and down quarks in the 2SC phase
can contribute to the isospin asymmetry. The argument
is confirmed by a numerical calculation. This fact allows
to understand the main differences between the nuclear
matter 2SC mixed phase and the one with the normal
quark phase: the onset of the mixed phase shows a mild
dependence on Z/A because both the nuclear and the
2SC equations of state become substantially stiffer when
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FIG. 8: Phase diagram for asymmetric matter, Z/A = 0.35, in
the temperature density plane. Solid thick lines indicate the
onset of the mixed phase ncrit1, dashed thick lines correspond
to the end of the mixed phase ncrit2. The solid thin line is
a second order phase transition between the 2SC phase and
normal quark matter. The two arrows indicate the region of
the phase diagram which might be reached in semi-central low
energy heavy ions collisions [4].
the proton fraction is reduced. The isospin distillation
effect proposed in [4] in the case of normal quark matter
is reduced in the nuclear matter 2SC mixed phase be-
cause of the larger value of its symmetry energy. Finally,
the softening of the equation of state due to the appear-
ance of the nuclear matter quark matter mixed phase
is more pronounced in the case of the 2SC phase with
respect to the case of normal quark matter. A further
interesting point is that the phase transition can occur
at lower densities than previously thought when the ef-
fects from color superconductivity are taken into account.
The crucial question is whether these differences can be
probed in heavy ions collisions experiments. By refer-
ring to the results of the transport calculation of [4] it
might be possible indeed to enter in the nuclear matter
2SC mixed phase in low energy semi-central collisions.
Concerning the possible observables which allow to dis-
tinguish whether normal quark phase or the 2SC phase
are formed, here we want to limit ourself to discuss qual-
itatively a few ideas.
The fact that in a mixed phase between two different
components, nuclear matter and quark matter, there can
be a separation or distillation of globally conserved quan-
tities from one phase to the other is rather old. It was
indeed proposed in Ref. [42], that in high energy heavy
ions collisions strange and antistrange quarks are abun-
dantly produced (with net strangeness being zero) and
that strangeness would be much more abundant in the
quark component. This could be a mechanism to pro-
duce strangelets (stable or metastable) in the laborato-
ries. Similarly, the isospin distillation effect proposed in
[4] is the migration of the isospin density into the phase
with the lowest value of the symmetry energy. It has
been proposed that this phenomenon could invert the
trend in the production of neutron rich fragments and it
could affect the pi−/pi+ multiplicities ratio. In the first
8studies of color superconductivity it was argued that due
to the formation of Cooper pairs in the densest region
of the system, the quark phase would expel the excess
of down quarks and up antiquarks, which then, in the
hadronic phase, would eventually form pi−. Moreover,
when the diquark condensate breaks up late in the colli-
sion a number of protons larger then the initial one in the
colliding nuclei would be emitted. The signature would
then be an increase of the pi−/pi+ ratio and at the same
time an increase of the number of protons within selected
events with an anomalously large density and small tem-
perature [15, 43]. This effect could be regarded as the op-
posite of the neutron distillation effect, the quark phase
is completely symmetric and expels its excess of isospin
into the nuclear phase. This would be correct if all the
quarks pair, but in the 2SC phase the unpaired up and
down blue quarks can, as in the normal quark phase, have
different densities. Actually the symmetry energy of the
2SC phase, while larger then the one of the normal phase,
is still smaller than the nuclear matter symmetry energy
(at least within the model of nuclear matter we consider
here). Therefore as we have shown, also when consider-
ing the 2SC phase a neutron distillation into the quark
component of the mixed phase occurs but it is simply
suppressed with respect to the normal quark phase. One
could then expect that, going from low temperatures at
which the 2SC phase is formed to higher temperatures
(by increasing the energy of the ions) where the normal
phase is formed, the neutron distillation effects is grad-
ually enhanced and therfore also its specific signatures
[4]. At the same time, the mixed phase becomes stiffer
passing from the 2SC phase to the normal quark phase
what can be for instance ”detected” by using the K+
yields which were shown to represent a good probe for
the stiffness and the isospin dependence of the equation
of state [44–50]. Other possible signatures of the forma-
tion of quark matter are associated with the enhancement
of the Λ¯ to p¯ ratio as shown in Refs. [51–53] although al-
ternative explanations based on multihadron reactions
have been proposed [54, 55]. A detailed quantitative
study of these quantities within a transport model would
be of course very important. In addition to the parti-
cles yields one can calculate also the susceptibilites as
done in Refs. [56, 57] which are important for the charge
(baryonic, electric, isospin) fluctuations. In particular
one could expect that the off-diagonal susceptibility χud
could be different in the 2SC phase due to the Cooper
pair correlations. Finally, the results of this paper might
be relevant also for neutron stars physics: in protoneu-
tron stars, where the initial proton fraction is ∼ 0.3, dur-
ing deleptonization the proton fraction decreases and at
some point it might be possible that a phase transition
from the 2SC phase to the normal quark phase can take
place due to the increasing stress on the quark’s Fermi
surfaces [58–60]. Moreover, the local proton fraction of
the nuclear phase within the mixed phase is also impor-
tant for the late cooling of neutron stars since it regulates
the threshold of the direct Urca processes [61].
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